per 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCI) 



(51) International Patent Classification 5 : 

H01L 29/10, 29/812, 27/15 
HOIS 3/103, H01L 21/82, 29/40 
H01L 21/338, 23/552 



Al 



(11) International Publication Number: WO 93/23877 

(43) International Publication Date: 25 November 1993 (25.1 1.93) 



(21) International Application Number: PCT/US93/04383 

(22) International Filing Date: 7 May 1993 (07.05.93) 



(30) Priority data: 

. 07/884,651 



15 May 1992 (15.05.92) 



US 



(71) Applicant: MASSACHUSETTS INSTITUTE OF TECH- 

NOLOGY [US/US]; 77 Massachusetts Avenue, Cam- 
bridge, MA 02139 (US). 

(72) Inventors: CHEN, Chang-Lee ; 19 Pratts Mill Road, Sud- 

bury, MA 01776 (US). MAHONEY, Leonard, J. ; 8 Ma- 
guire Park, East Walpole, MA 02032 (US). MANFRA, 
Michael, J. ; 240 North Billerica Road, Tewksbury, MA 
01876 (US). SMITH, Frank, W. ; 47F Lionel Avenue, 
Waltham, MA 02154 (US). CALAWA, Arthur, R. ; 59 
Cleveland Road, Wellesley, MA 0218 1 (US). 



(74) Agents: REYNOLDS, Leo, R. et al.; Hamilton, Brook, 
Smith & Reynolds, Two Militia Drive, Lexington, MA 
02173 (US). 

(81) Designated States: CA, JP, European patent (AT, BE, CH, 
DE, DK, ES, FR, GB, GR, IE, IT, LU, MC, NL, FT, 
SE). 



Published 

With international search report. 



(54) Title: III-V BASED INTEGRATED TRANSISTOR 



290 




\ v \ \ \ \ i\ \ \i \ v v \ 



« A 



B 



(57) Abstract 

A new III-V buffer or passivation material is described which is produced by low temperature growth (LTG) of III-V com- 
pounds. The material has unique and desirable properties, particularly for closely spaced, submicron gate length active III-V 
semiconductor FET devices, such as HEMTs, MESFET's and MISFEPs. The LTG material is grown under ambient conditions 
which incorporate an excess of the more volatile of the III-V species into the grown material. The new material is crystalline 
highly resistive, relatively insensitive to light, and can be overgrown with high quality III-V active layers or used as a passivation 
material to insulate and protect active device structures. 
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IIT-V BASED INTEGRATED TRANSISTOR 

Background Art 

Semiconductor compounds of the III-V materials and 
alloys thereof; such as the compounds gallium arsenide 

5 (GaAs) and indium phosphide (InP) and the alloy aluminum 
gallium arsenide (AlGaAs) have unusual optoelectronic 
properties which make them attractive for many 
applications; ranging from microwave devices to 
optoelectronic devices. Among these applications is the 

10 use of such materials to. make devices for high-speed logic 
integrated circuits and for microwave integrated circuits. 
The Schottky-barrier gate metal-semiconductor-jLield-eff ect 
transistor (MESFET) is a typical device used in these 
integrated logic circuits. 

15 The MESFET is a three terminal device consisting of a 

source, gate and drain. The source and drain terminals 
form low resistance contacts to a channel whose conduction 
is controlled by the depletion field of a Schottky-barrier 
gate. The conducting channel, which is placed on a semi- 

20 insulating (SI) substrate, may be formed either by ion 
implantation into the semi-insulating material, or by 
epitaxially growing the active layer on semi-insulating 
material. 

A number of problems associate with MESFET devices 
25 and circuits are attributed to the SI substrate. Such 

problems include backgating (or sidegating) , hysteresis in 
the dependence of the drain-source current I* upon drain- 
source voltage V*, light sensitivity, low output 
resistance Rj, low source-drain breakdown voltage BV SD , and 
30 low output power gain at RF frequencies. Among these 
problems, backgating is the most significant for both 
digital and analog circuit applications. 

In addition to these problems, increased subthreshold 
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problems, backgating is the most significant for both 
digital and analog circuit applications. 

In addition to these problems , increased subthreshold 
leakage current, threshold voltage shifts, and the 
5 inability to fully . pinch-off the device for large V* can 
occur as the gate length of MESFET 's is reduced to 
submicron dimensions. Also, and BVa, are further 
decreased as the gate length is reduced. These problems 
are called short-channel effects and the characteristics 

10 of the layer underlying the active region can have a 
profound influence on them. 

Backgating or sidegating is the change of I* in a 
MESFET as a result of a voltage applied to the substrate 
or an adjacent, and nominally isolated, contact pad 

15 (sidegate) . Even though the sidegate and MESFET may be 
physically separated, as by mesa etching, the interaction 
may still arise because the substrate is of finite 
resistivity and charge can accumulate at the interface 
between the active layer and the substrate. In response 

20 to changes in voltage on the substrate or adjacent 

devices, the substrate conducts enough current to modulate 
the interface space-charge region. When this interfacial 
depletion region widens into the active channel, the 
device current is reduced. 

25 A buffer layer is often inserted between the active 

layer and the substrate to alleviate the problem of 
backgating. To reduce backgating and other substrate 
related effects, the buffer layer should provide an 
increase in bulk resistivity. A number of possible buffer 

30 layers have been suggested , including undoped GaAs, 
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AlGaAs, and superlattice (GaAs / AlGaAs ) buffers. 
Heretofore such buffer layers have met with only limited 
success. 

Another device useful for high-speed circuits is the 
5 MISFET (metal-insulator-semiconductor-f ield-effect- 

transistor) . This, like the MESFET is a three terminal 
device. In the MISFET an insulator layer is formed 
between the underlying active channel region and the gate. 
In III-V devices it has been difficult to develop an 
10 insulator which meets all the requirements for such a 
layer. 

Disclosure of the Invention 

The invention comprises a layer of III-V material, or 
an alloy thereof, and a process for growing such a layer 

15 on a substrate by molecular beam epitaxy (MBE) at low 

substrate temperatures. The low- temperature-grown (LTG) 
layer thus grown is optically inert or inactive, that is, 
the electrical conductivity of the material is relatively 
insensitive to light and the material is substantially 

20 non- luminescent. Furthermore, the layer is electrically 
insulating. The layer is especially useful as a buffer 
layer for growth of III-V MESFET' s, MOSFETs or MISFETs 
thereon or as an insulator layer for MISFETs and as a 
passivation layer for MESFETs or other FETs. 

25 After the LTG layer is grown to a suitable thickness, 

the outer surface is reconstructed and stabilized to 
enable good quality crystal growth of subsequent layers. 
Reconstruction is achieved by annealing in an ambient 
containing the more volatile of the III-V species, i.e., 

30 for GaAs the ambient is As; for InP the ambient is P. The 
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f unction of stabilization is to prevent or minimize out- 
diffusion of the more volatile specie from the low 
temperature buffer layer. This may be achieved by 
providing a careful choice of initial regrowth 
5 temperature , to produce a buffer stabilizing layer over 
the low temperature buffer layer. Alternatively , a buffer 
stabilizing layer of material, which is capable of . 
preventing out-diffusion f may be grown over the LTG layer. 

Brief Description of the Drawings 
10 Fig. 1 is a schematic cross-section of GaAs MESFET 

and backgate terminal formed on a buffer layer of the 
invention. 

Fig. 2 is a plot of normalized saturated drain source 
current (1dss> versus backgating voltage for GaAs MESFET f s 
15 fabricated in accordance with the invention (curves a and 
b) and GaAs MESFET ' s fabricated using prior art techniques 
(curves c-f ) . 

Fig. 3 is a schematic cross-section of an alternate 
embodiment of the invention in which a GaAs device is 
20 formed on a buffer layer of the invention, which layer is 
formed over a silicon substrate. 

Fig. 4 is a schematic cross-section of another 
embodiment of the invention in which an optical device and 
an electronic device are monolithically combined using the 
25 buffer layer of the invention for vertical optoelectronic 
isolation. 

Fig. 5 is a schematic cross-section of a metal- 
insulator-semiconductor-field-effect-transistor (MISFET) 
embodiment of the invention in which an LTG layer forms 
30 the insulator layer for the gate of a MISFET device. 
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Fig. 6 is a schematic cross-section of an alternate 
embodiment of the invention in which the source and drain 
edges of the metal gate of a III-V MESFET overlap a LTG 
insulation layer. 
5 Fig. 7 is a plot of drain-source current (I*) versus 

drain-source voltage (V*) for the device of Fig. 6. 

Best Mode of Carrying Out the Invention 

I. GaAs MESFET EMBODIMENT 

Referring now to Fig. 1, the invention will be 

10 described in detail in connection therewith. It should be 
understood that while the device of Fig. 1 is a GaAs 
MESzTiT structure , other devices and other III-V materials 
are contemplated as being within the scope of the 
invention. Fig. 1 is a schematic cross-section of a GaAs 

15 MESFET structure 10 made in accordance with the invention 
to include a new buffer layer 12 and buffer stabilizing 
layer 23. 

Note: While the term "layer" is used to define the 
films formed on substrates, it is intended that this term 
20 also covers films disposed in regions of the substrate 
other than the entire substrate surface. 

Buffer layer 12 is formed by MBE on a SI-GaAs 
substrate using Ga and As 4 beam fluxes, under arsenic 
stable growth conditions, at optimal substrate 
25 temperatures between 150 to 250 °C, and at growth rates of 
1 micron /hour. 

The range of 150-250°C is believed to be an optimal 
growth temperature range to produce the buffer layer 12. 
However, temperatures below 300°C are contemplated as 
30 being suitable for buffer layer growth. These growth 
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temperatures are substantially lower than those used in 
previous studies of GaAs grown by MBE at a low substrate 
temperatures ["Growth-Parameter Dependence of Deep Levels 
in Molecular-Beam-Epitaxial GaAs", Stall et al , . 
5 Electronics Letters , (198Q) 171-172; "Growth Temperature 
Dependence in Molecular Beam Epitaxy of Gallium Arsenide" , 
Murotani et al, . Journal of Crystal Growth 45 (1978) 302- 
308; "Temperature Range for Growth of Autoepitaxial GaAs 
Films by MBE tt , Neave et al. . Journal of Crystal Growth 43 

10 (1978) 204-208; "An Investigation of GaAs Films Grown by 
MBE at Low Substrate Temperatures and Growth Rates", Hetze 
et al. . J. Vac, Sci. Technol. BM2) . (1980) 166-169], 

The reflected high energy electron diffraction 
(RHEED) pattern observed during growth, for substrate 

15 temperatures as low as 200°C, indicates that the buffer is 
crystalline. This result has been confirmed by double- 
crystal x-ray diffraction. The buffer layer resistivity 
increases with decreasing growth temperature, but below 
200°C it has not sufficient thickness. All the data 

20 presented here are for buffers grown at 200 °C. The 

resistivity of the buffer layers grown is 10 7 qhm-cm. The 
exact resistivity could not be determined using 
conventional Hall-effect measurement techniques, because 
the resistivity exceeds the measuring capability of our 

25 equipment. The material is non-stoichiometric GaAs having 
an excess of about 1% As, as determined by Auger Electron 
Spectroscopy, 

After a buffer layer 12 of about 2 microns is grown 
as described above, on an SI-GaAs substrate, the structure 

30 is brought to a temperature of between about 480 and 580 °C 
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and heat treated in an arsenic ambient at that temperature 
for about 10 minutes to reconstruct the exposed surface 25 
of layer 12 to a short depth illustrated by the dotted 
line LI. Next, a thin (30-20oA) buffer stabilizing layer 
5 23 of GaAs is deposited by MBE at a relatively low growth 
temperature of 550°C or less. The heat treatment appears 
to alleviate surface crystalline defects and the 
stabilizing layer 23. As an alternative to regrowth of 
the GaAs, other materials capable of preventing out- 

10 diffusion, but having appropriate lattice matching feature 
for growth of active layer thereon, may be used, such as, 
Al, AlGaAs, or a thin GaAs/AlGaAs super lattice. 

An 0.3 micron thick n-doped GaAs layer is then grown 
by MBE on layer 23 at typical MBE GaAs growth temperature 

15 of 600°C. MESFET's 16 were then fabricated on the doped 
GaAs layer by conventional etching and metallization 
processes . 

For experimental purposes, in order to demonstrate 
backgating performance, a sidegate 22 was formed adjacent 

20 to MESFET 16 and mesa-isolated by etching up to, or into, 
the top surface 25 of buffer layer 12. 

MESFET 16 consists of an n+ source region S and an n+ 
drain region D, laterally separated by an n-channel region 
C formed beneath a (Schottky) metal gate electrode G. 

25 Ohmic contacts 18 of Ni/Ge/Au or Pd/Ge/Au are formed on 
the source and drain regions. The gate electrode G is 
formed of Ti/Au. 

The measured gate length, gate width, and source- 
drain spacing of this experimental device are 2, 98, and 

30 5.5 microns, respectively. An ohmic contact 22, isolated 
from the MESFET 16 by mesa etching, served as the 
sidegate. For comparative purposes, MESFET's, as 
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described above, were fabricated in MBE n-GaAs layers 
grown upon the buffer stabilizing layer 23 of the 
invention and also upon buffer layers of undoped GaAs, 
AlGaAs, and GaAs /AlGaAs super la tt ices . All the buffer 
5 layers were grown by MBE and were 2 microns thick. In 
each case, the active layer 15 was doped to approximately 
2xl0 17 cm" 3 with silicon and was 0.3 microns thick. 
MESFET 's were also fabricated in commercial vapor phase 
epitaxy (VPE) n-GaAs layers deposited on semi- insulating 

10 GaAs substrates and on layers made by direct ion 

implantation into the SI GaAS substrates. The gate recess 
depth is roughly half the active layer thickness, and mesa 
etching was used to isolate the devices. 

The most dramatic improvement in device performance 

15 provided by the new buffer layer is the elimination of 

backgating, as illustrated by Fig. 2. Fig. 2 is a plot of 
normalized 1^ [IdaO^) /ld«(0) ] plotted versus applied 
backgating voltage V^- A sidegate 22 spaced 50 microns 
from the MESFET 16 and a drain to source voltage of 2.5 V 

20 are used. Data obtained both in the dark (solid line) and 
in white light (dotted line) are shown* The lines in the 
figure care included only as a convenience in visualizing 
the data. 

The data in Fig. 2 provides a comparison between 
25 backgating in MESFET' s fabricated in active layers on the 
new buffer 12 (curves a and b) with backgating in MESFET' s 
fabricated in active layers on an undoped GaAs buffer 
(curves e and f ) and on an undoped GaAs/Al^Gao^s 
super lattice buffer grown by MBE at 700 °C (curves c and 
3 0 d) . Both GaAs and superlattice buffered devices show 
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backgating and light sensitivity, while the device with 
the new buffer shows neither. Although not shown here, 
MESFET 's fabricated using all of the other buffers show 
light sensitivity and backgating. Of the alternative 
5 buffers, the AlGaAs and super lattice buffers grown at 
700 °C appear to be the best. 

Although the data presented in Fig. 2 were measured 
using a sidegate spaced 50 microns from the MESFET 16, a 
sidegate spaced 15 microns from the MESFET was also used. 
10 For -50 V applied to the sidegate and V* ■ 2.5 V, the new 
buffered device still showed no backgating. For the same 
voltages, 1^ of the super lattice buffered MESFET was 
reduced by 50% and the GaAs buffered devices destructively 
broke down. 

15 Although grown from 6a and As beam fluxes, the new 

buffer 12 differs markedly from GaAs grown at normal 
growth temperatures of approximately 600 °C. In addition 
to its larger resistivity, the grown surface is not 
reconstructed, as indicated by the photoluminescence (PL) 

20 spectrum. However, doped layers of GaAs grown by MBE upon 
the buffer stabilizing layer 23 are of comparable optical 
and electrical quality to similar layers grown upon 
conventional undoped GaAs buffers grown by MBE at 5&0°C. 
The PL spectra for the doped films on the new buffer 

25 capped by stabilizing layer 23 are essentially identical 
to those for the doped films on the conventional undoped 
GaAs buffer. 

The new low temperature buffer layer 12 is capable of 
substantially eliminating radiation transient effects in 
30 Ill-v integrated circuits. The mechanism of transient 

radiation related failure in III-V circuits is believed to 
be caused by diffusion of hole-electron pairs that have 
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been generated in the bulk of the III-V substrate by the 
radiation, into the active region of the devices 
fabricated on the surface of the substrate. Because of 
the optoelectronic inertness and insulating 
5 characteristics of the new III-V buffer layer, it should 
eliminate the undesirable effects of radiation on circuit 
performance. Not only should the buffer itself not be 
susceptible to the radiation, but the charge carriers 
generated in the semi-insulating III-V substrate should be 

10 blocked from entering the active region of the device by 
the presence of the intervening buffer layer. 

Recent measurements of the GaAs MESFET devices 
incorporating the nev MBE low temperature buffer layer 
indicate that the new MBE low temperature buffer layer 

15 does, indeed, substantially reduce the sensitivity of 
MESFET devices to pulsed ionizing radiation. Transient 
radiation measurements were made on a MESFET device with 
an undoped GaAs buffer layer and on a MESFET device with 
the new MBE buffer layer. The MESFET with the new MBE low 

20 temperature buffer layer showed an overall several order 
of magnitude reduction in sensitivity to pulsed ionizing 
radiation as compared with the MESFET with the undoped 
GaAs buffer layer. 

II. GaAs ON Si HIGH ELECTRON MOBILITY 
25 TRANSISTOR fHEMTV EMBODIMENT 

Fig. 3 is a cross-sectional view of an alternate 
embodiment of the invention, wherein a HEMT device 56 is 
formed on the buffer stabilization layer 33. 

Layer 33, the buffer stabilizing layer, is formed by 
30 MBE, as in the Fig. 1 embodiment, on a low temperature MBE 
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GaAS buffer 32. Unlike Fig. 1, the GaAs buffer 32 is 
formed over a silicon (Si) substrate 34 , with an adjusting 
lattice layer of GaAs. 3 6 sandwiched between to serve as a 
growth stabilizing layer. The use of the Si substrate has 
5 the advantage that Si devices may be formed on laterally 
adjacent isolated regions of the surface of substrate 34 
and conductively coupled by suitable metallization to the 
GaAs HEMT device 56, thus providing a GaAs/Si monolithic 
integrated structure, wherein the electro-optical 

10 properties of the GaAs material may be conveniently 
combined with the electronic properties of the Si 
material . A suitable isolation technique is proton 
bombardment of the active layers 38 and 40 down to the 
stabilizing or buffer layers 33 and 32 laterally adjacent 

15 the device 56 to convert the volume bombarded to semi- 
insulating material. Alternatively, mesa etching, as in 
Fig, 3, can be used for isolation. 

After LTG GaAs buffer layer 32 is formed, the upper 
surface is reconstructed and a stabilizing layer 33 is 

20 formed, as previously described. Next, a GaAs / AlGaAs HEMT 
device is formed on the stabilizing layer by MBE 
deposition of an undoped low bandgap GaAs layer 38, 
followed by MBE deposition of an n+ modulation doped 
higher bandgap AlGaAs layer 40. At the interface between 

25 the two layers 38 and 40, a two dimensional electron gas 
is formed, which contributes to the high electron mobility 
of the HEMT device (See "Gallium Arsenide Technology", 
Howard W. Sams & Co. 1985, Chapter 4, pp 107-153 for a 
more detailed discussion of HEMT's) . Suitable ohmic drain 

30 D and source S contacts are evaporated onto the AlGaAs 
layer 40 with a Schottky-barrier type electrode G being 
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formed between the two in the well-known manner. It 
should be noted that while the GaAs HEKT device 56 is 
shown for illustrative - purposes in Fig. 3, any III-V 
compound device which can be grown on GaAs is intended to 
5 be included in this embodiment. One example is a 
pseudomorphic InGaAs/AlGaAs HEMT, 

TTT. OPTOELECTRONIC DEVICE 

The essentially zero electrical conductivity, and the 
largely optically inert properties of the new low 

10 temperature buffer material f may be advantageously 

utilized in the formation of an integrated optoelectronic 
circuit. Such a circuit will now be described in 
connection with Fig. 4. In the embodiment of Fig. 4, a 
GaAs/AlGaAs double heterostructure epitaxial laser region 

15 66 is formed by conventional techniques,- i.e., liquid 

phase epitaxy (LPE) or MBE, on a GaAs substrate 64. A low 
temperature buffer layer 62, with a reconstructed surface 
65 and a buffer stabilizing layer 63, is then formed as in 
the previously described embodiments. This optically 

20 inert/non-conductive buffer serves as a vertical isolation 
layer. Next, an n-GaAs FET layer 80 is formed on the 
stabilizing layer 63. 

In the region where the laser is formed, the layers 
80, 63, 65, and 62 are removed, as by etching, and proton 

25 bombardment applied to the underlying structure, to form a 
lateral isolation region 72. An insulating layer 68 of, 
for example, Si0 2 , or polyimide, is then formed over the 
top surface. The layer 68 is etched away in regions where 
the laser contact 74 and drain D and source S contacts for 
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the MESFET 82 are to be formed. 

Appropriate metallization/doping is applied to the 
regions of the openings to form the contacts and further 
openings in the oxide 68 are formed and the FET layer 80 
5 recessed. Gate contact G is formed through an additional 
insulating mask region 84. Metallization 70 is applied 
over layer 68 to interconnect MESFET 82 to laser contact 
74. A suitable contact 76 is then formed on substrate 64. 
(See T. Fukuzawa, et al. , "Monolithic Integration of 

10 GaAlAS Injection Laser with a Schottky-gate Field Effect 
Transistor", AppI. Phv. Lett. Vol. 36, pp. 181-183, (1980) 
and N. Baz-Chaim, et al, . "GaAs Integrated 
Optoelectronics", IEEE Trans, on Electron. Devices . Vol. 
ED-29, pp. 1372-1381, 1982 for a description of 

15 conventional process steps for MESFET and laser 
integration. ) 

The laser may be optionally formed as a two 
dimensional array of surface-emitting diode lasers, as 
described in J. P. Donnelly, et al. f "Monolithic Two- 

20 Dimensional Surf ace-Emitting Arrays of GaAs / AlGaAs Diode 
Lasers", AppI. Ph vs. Lett. .. Vol. 51, pp. 1138-1140, 1987. 

IV. MISFET DEVICE 

The ability to fabricate silicon M0SFET devices 
(metal-oxide-semiconductor-field-effect-transistors) has 

25 made possible NMOS and CMOS very large scale integration 
(VLSI) ' technology, the workhorses of today's computers and 
electronics. Heretofore, GaAs MOSFET or MISFET (metal- 
insulator-semiconductor-field-effect -transistors) devices 
have not been possible, because the oxide or insulator 

30 pins the GaAs Fermi level at the surface due to a large 
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density of interface states. Considerable effort has been 
undertaken to develop an insulating layer that does not 
pin the GaAs Fermi level at the surface. To date, these 
efforts have not met with commercial success. In the 
5 embodiment of Fig. . 5, a GaAs MISFET is shown which has a 
number of advantages relative to GaAs MESFET's. Some of 
these advantages relative to GaAs MESFET's are: reduced 
gate current, more uniform and larger threshold voltage, 
larger logic voltage swings, and the possibility of making 

10 complementary III-V MISFET integrated circuits. 

We have fabricated n-channel depletion-mode GaAs 
MISFET 's and MIS capacitors using the new low temperature 
buffer as the gate insulator. A GaAs MISFET structure is 
illustrated in Fig. 5. The substrate 114, buffer 112, 

15 annealed region of the buffer 125, stabilization layer 

123, and the active FET layer 115, are the same as for the 
MESFET of Fig. 1, previously described. On top of the 
active layer 115, a thin layer 128 of the low temperature 
buffer (50-100oA) is formed, as previously described, with 

20 an annealed restructured region and stabilizing layer (not 
shown) . A GaAs gate layer 130 (50-250A thick) is then 
deposited by MBE over the gate buffer layer 128. The gate 
metal G is deposited on the upper GaAs gate layer 130. 
Regions of the upper GaAs layer 130 and the upper buffer 

25 layer 128 are removed laterally adjacent the gate region 
and ohmic contacts D and S, for the drain and source, 
respectively, are fabricated in these regions on the 
active FET layer 115. Either Mesa isolation, or proton 
bombardment, is used to isolate the individual devices 

30 182. 
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MISFET I-V (current-voltage) characteristics of an 
experimental device, fabricated as above , show that the 
channel region beneath gate 6 can be fully pinched-off and 
the MIS C-V (capacitance-voltage) characteristics show a 
5 low interface state density. This device has not yet been 
optimized, although the preliminary results are 
encouraging. Alternative layers to the top thin GaAs gate 
layer 130 include thin layers of AlGaAs, thin insulating 
layers, such as silicon dioxide or silicon nitride, or 

10 thin composite layers of these materials. The MISFET 

depicted in Fig. 5 is an n-channel, depletion mode device. 
It is expected that n-channel and p-channel depletion, 
enhancement, and inversion mode GaAs MISFET devices may be 
possible using the new low temperature buffer layer as the 

15 gate insulator. 

V. MESFET WITH OVERLAPPING MIS GATE STRUCTURE 

Since the highest field occurs at the drain side of 
the gate edge of a MESFET, it is possible that a high 
gate-breakdown voltage can still be achieved even if an 

20 MIS structure is formed only at the edge of the MESFET 
gate as shown in Fig. 6. The GaAs MESFET 282 of Fig, 6 
with an over lapping-gate structure has a breakdown voltage 
substantially higher than that of a conventional MESFET. 
The bottom of the Schottky-barrier gate G contacts the 

25 channel region 290 as in a conventional MESFET, but both 
gate edges rest on LTG GaAs insulation or passivation 
layer 228. This structure has the advantage that 
parameters such as drain current and transconductance g m 
are not adversely affected, and, in addition, it can be 
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applied to other devices such as the high-electron- 
mobility transistor (HEMT) of Fig. 3. 

As shown in the schematic cross-section of Fig. 6 
epitaxial layers, similar to those used for the LTG GaAs 
5 MISFET of Fig. 5, were grown by molecular beam epitaxy on 
a semi-insulating GaAs substrate 214. The layers consist 
of a 2000-A-thick LTG GaAs buffer layer 212 , a 100-A-thick 
AlAs stabilizing layer 225, a 1000-A-thick GaAs active 
layer 215 doped with Si to 4 x 10 17 cnf 3 , a 100-A-thick AlAs 

10 stabilizing layer 226, and a 2000-A-thick LTG GaAs layer 
228. The growth temperature was 190 °C for the LTG GaAs 
layers and 580 °C for all other layers. 

For comparison purposes, conventional-gate and 
over lapping-gate MESFET's were fabricated on respective 

15 wafers having this layer structure. Ohmic contacts D, G 
and S were formed by first etching through the top LTG 
GaAs and AlAs layers 228 and 226 and then depositing 
Ni/Ge/Au contact pads D, G and S directly on the 
conduct ing-GaAs layer 215. 

20 On the wafer used for the MESFET with a conventional 

gate structure (not shown) , the gate area was first 
defined by photoresist. The LTG GaAs and AlAs layers were 
then etched away in the gate opening and the conducting 
GaAs channel was recessed to obtain a drain saturation 

25 current 1^ of 200 ma/mm of gate width. Next, Ti/Au was 
evaporated and the gate was formed by a liftoff of the 
photoresist pattern. 

On the wafer used for the over lapping-gate structure 
of Fig. 6, the same gate mask as used above was used to 

30 define an opening for the removal of the LTG GaAs and A1AS 
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layers and for the channel-recess etch (again to an 
value of 200 ma/mm) . This resist layer was removed after 
etching. A wider gate opening that overlaps the gate- 
recess region and the LTG GaAs top layer 228 near the 
5 edges of the recess region was defined for the gate 

liftoff using a second layer of photoresist. The gate- 
recess length (A) , drain-source spacing (B) , and gate 
width (length of device perpendicular to plane shown) were 
1.5, 6, and 250 pm, respectively. Proton implantation was 

10 used for device isolation. The width of the gate overlap 
is less than 0.3 /xm on either side of the gate recess, 
although in principle, this overlap preferably can be 
considerably smaller. In one area on this wafer, the LTG 
GaAs layer 228 and the AlAs layers 226 in the gate region 

15 were not etched, allowing MISFET's similar to those 
described in Fig. 5 to be fabricated on the same wafer 
with the overlapping-gate MESFET's. 

The Ifc-V* characteristics of the overlapping-gate 
MESFET are shewn in Fig. 7. Note that curves A-E were 

20 taken in the 80 us pulse mode of the curve tracer to 
reduce the heat generated by the device. The curves 
differ in accordance with the applied voltage. Near pinch 
off, there is no noticeable excessive drain current for Vj, 
as high as 35 V. The g m values are 120 and 136 mS/mm for 

25 the conventional-gate and the overlapping-gate MESFET 9 s of 
Fig. 6, respectively. The higher g n for the overlapping- 
gate MESFET may be due to the differences in gate 
structure or may be simply due to the difference in series 
resistance caused by processing-related variations in 

30 ohmic contacts and gate-source spacing. The scattering 
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(S) parameters of these MESFET 's were measured with = 6 
V and V fI = 0 V. The unity-current-gain frequency f T 
derived from measured S parameters is 4 . 8 GHz for the 
overlapping-gate MESFET and 5.3 6hz for the conventional- 
gate MESFET, while the values of maximum frequency of 
oscillation f„„ are 15.2 and 14.4 Ghz for the overlapping- 
gate and conventional-gate MESFET' s, respectively. 

The breakdown voltages for the different devices are 
listed in Table I below: 



10 



TABLE I 

Breakdown Voltages for FET's 



15 



GATE-DRAIN 
BREAKDOWN (V) 

DRAIN- SOURCE 
BREAKDOWN (V) 



LTG-GaAs- 
PASSIVATED 
MESFET WITHOUT 
GATE OVERLAP 



25 



LTG-GaAs- 
PASSIVATED 
MESFET WITHOUT 
GATE OVERLAP 



42 



22 



35 



LTG GaAs 
MISFET 



45 
37 



20 



25 



The gate-drain breakdown voltage, defined at 200 nA/inm 
gate current, is 25 V for the conventional-gate MESFET and 
42 V for the overlapping-gate MESFET. At pinch off, the 
drain-source breakdown voltage for the conventional-gate 
and overlapping-gate MESFET' s is 22 and 35 V, 
respectively. In contrast, the breakdown voltages for a 
standard MESFET fabricated with this same mask set but 
without an LTG GaAs passivation layer are 10 V for the 
drain-source breakdown and 15 V for the gate-drain 
breakdown. 
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The characteristics of the LTG GaAs MISFET on the 
second wafer are similar to those reported previously 
[C.L. Chen, et al. f IEEE Electron Device Lett. , 12,306 
(1991)]. The forward gate turn-on voltage, also defined 
5 at 200 /iA/mm of gate current, is 4.5 V for the MISFET 
compared to 0.4 V for the MESFET on the same wafer. The 
gate-drain breakdown voltage and drain-source breakdown 
voltage at pinch off for the MISFET are 45 and 37 V, 
respectively. 

10 The breakdown voltage of the new MESFET of Fig. 6 has 

been enhanced significantly by the use of over lapping-gate 
structure. Although the gate has a Schottky contact to 
the conducting channel, the breakdown voltages are nearly 
equal to those of the MISFET, in which the entire gate 

15 metallization rests on a high-resistivity LTG GaAs layer. 
It appears that the high-resistivity LTG GaAs layer under 
the overlapping portion of the gate in the new MESFET has 
altered the electric field distribution. As a result, the 
components of the two-dimensional field that are believed 

20 to be responsible for the breakdown are significantly 
reduced by the new structure. It is important for the 
success of this approach that the material under the edges 
of the overlapped-gate have a high resistivity and that 
the Fermi level at the interface between this material and 

25 the conducting channel is not pinned by interface-state 
charge. Both of these criteria are met by the LTG GaAs 
material of layer 228, whereas dielectric passivants like 
Si0 2 and Si 3 N 4 generally fail to meet the second condition. 
The slightly higher breakdown voltage in the MISFET 

30 is due to the added dielectric-breakdown voltage of the 
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LTG GaAs gate- insulator layer itself. The results suggest 
that the majority of the increase in breakdown voltage 
observed for LTG GaAs MISFET's can be attributed to just a 
small portion of the MIS gate structure near the edges. 
5 A substantial increase in the breakdown voltage of a 

GaAs MESFET has been achieved by using an LTG GaAs surface 
passivation layer and a metal gate that overlaps the LTG 
GaAs layer at the edges of the gate. This increase in 
breakdown voltage was obtained without sacrificing drain 

10 current or gain. The breakdown voltage of such a MESFET 
is approximately equal to that of the LTG GaAs MISFET 
minus the gate forward turn-on voltage of the MISFET, this 
latter value being dominated by the dielectric-breakdown 
voltage of the LTG GaAs gate insulator. The overlapping- 

15 gate approach can be applied to any MESFET-like device, 
such as a HEMT, without interfering with the device 
active-layer structure. In addition to improving the 
breakdown voltage, the same LTG GaAs layer could also 
eliminate the need for further dielectric passivation. 

20 Equivalents 

Those skilled in the art may recognize other 
equivalents to the specific embodiments described herein, 
which equivalents are intended to be encompassed by the 
claims attached hereto. For example, other combinations 

25 of III-V materials are contemplated for use as low 

temperature buffer layers, stabilizing layers, and active 
layers • 

The table below lists various combinations of III-V 
materials in column 1 versus normal or typical MBE 
30 substrate growth temperatures in column 2, approximate 
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recommended substrate growth temperatures for the KBE 
buffer layer in column 3, and approximate recommended 
substrate growth temperatures for the stabilizing layer in 
column 4. 

5 TABLE 



1 


2 


1 


4 


GaAs 


580°C 


150-300°C 


300-550°C 


GaP 


550»C 


150-300°C 


350-500°C 


InP 


450°C 


50-200°C 


350-450°C 


AlGaAs 


680°C 


150-450°C 


500-600°C 


InGaAs 


500°C 


50-300°C 


300-500°C 
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CIAIMS 

1. A method of making an active III-V device comprising 
the steps of: 

a) forming a first layer of insulative III-V 

5 material by deposition of III and V materials on 

a substrate at a predetermined growth 
temperature below 450 °C; 

b) subjecting said first layer to a heat treatment 
at a temperature above the growth temperature in 

10 an ambient containing the more volatile of said 

III-V materials to provide an excess of the more 
volatile material in said intermediary layer; 

c) forming a second layer of epitaxial III-V 
material on or over said first layer at a 

15 predetermined growth temperature above 450 °C; 

d) forming a third layer of insulative III-V 
material on, or over, said second layer by 
deposition of III and V materials at a 
predetermined growth temperature below 450 °C 

20 followed by a heat treatment at a temperature 

above the growth temperature in an ambient 
containing the more volatile of said III-V 
materials to provide an excess of the more 
volatile material in said intermediary layer; 

25 and 

e) forming source, drain and gate regions in the 
second layer wherein the gate region is 
insulated from the source and drain regions by 
the material of the third layer. 
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2. The method of Claim 1 wherein the substrate is formed 
of silicon with an adjusting lattice layer disposed 
between the first and the second layer. 

3. The method of Claim 1 wherein the material of the 
first , second and third layers comprise GaAs. 

4. A semiconductor structure comprising: 

a) a substrate; 

b) a first layer of highly resistive III-V material 
on the substrate for reducing side-gating or 
back-gating effects in the semiconductor 
structure, and wherein one of the III-V 
materials is more volatile than the other and 
wherein the first layer contains an excess of 
said more volatile material; 

15 o) an epitaxial device layer of III-V material 

formed on, or over, the first layer; and 

d) a second layer of highly reactive III-V material 
formed on the device layer and wherein one of 
the III-V materials is more volatile than the • 

20 other and wherein the second layer contains an 

excess of said more volatile material; 

e) a semiconductor device having device elements 
formed in the device layer and wherein device 
elements are isolated from one another by the 

25 material in said second layer. 

5. The structure of Claim 4 wherein the III-V material 
is selected from the group comprising GaAs, GaP, InP, 
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AlGaAs or InGaAs. 

The structure of Claim 4 wherein the device comprises 
an FET with source , drain and gate elements and 
wherein said second layer of said highly resistive 
III-V material extends laterally between the gate 
element and the drain and source element. 

The structure of Claim 4 wherein the device comprises 
an FET and the elements comprise drain, source and 
gate electrodes contacting the device layer and 
wherein the gate electrode is electrically insulated 
from the drain and source electrodes by portions of 
the highly resistive III-V material of the second 
layer. 

The structure of Claim 4 in which the III-V material 
is GaAs and the more volatile material is As. 

The structure of Claim 7 wherein the second gate 
electrode extends over portions of the layer of 
highly resistive III-V material. 

The structure of Claim 4 wherein a monolithically 
integrated device taken from the group comprising 
lasers, photoconductors and FET's is formed laterally 
adjacent on a substrate in common with said 
semiconductor device and vertically isolated 
therefrom by said first layer and horizontally 
isolated by said second layer. 



W093/23877 



PCT/US93/04383 



-25- 

11. ^ The structure of Claim 4 in which the substrate is a 

semi-insulator, 

12. The method of Claim 1 wherein the excess is in the 
order of 1%. 

5 13. The method of Claim 1 wherein the III-V material is 
GaAs, the more volatile material is As, and the 
excess of As is in the order of 1%. 

14. The method of Claim 1 wherein the III materials 

comprise one, or more, of the elements Al, Ga In and 
the V materials comprise one or more of the elements 
P, As or Sb. 



10 



15. The method of Claim 1 wherein the first and third 
layers are formed by MBE of AlGaAs, InP, GaP, GaAs, 
or InGaAs • 

15 16. The method of Claim 1 wherein the first and third 
layers are formed of InGaAs. 



17. A field-effect transistor device comprising: 

a) a substrate; 

b) a device layer formed over the substrate; 

c) a transistor formed in the device layer, said 
transistor having a gate electrode overlying and 

. in contact with a channel region in the device 
layer and source and drain electrodes laterally 
displaced from said gate electrode and insulated 
therefrom by a resistive III-V material formed 
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over said device layer and wherein the III-V 
material consists of one element which is more 
volatile than another element and which is 
formed at a temperature and an ambient 
5 environment in which an excess of the more 

volatile element is incorporated into the III-V 
material .- 

18. The device of Claim 17 in which the gate electrode 
extends laterally over said III-V material • 

10 19. The device of Claim 17 further including a buffer 

layer of III-V material formed between said substrate 
and said device layer. 

20. The device of Claim 17 wherein the III-V material is 
taken from the group comprising GaAs, AlGaAs, InGaAs, 

15 InP or GaP. 

21. A method of forming a field-effect transistor device 
comprising the steps of: 

a) forming a device layer over a substrate; 

b) forming a transistor in the device layer having 
20 a gate electrode disposed over a channel region 

and in contact with the device layer with source 
and drain electrodes disposed laterally adjacent 
the gate electrode; and 

c) forming an insulative region of III-V material 
25 laterally between the gate electrode and the 

drain and source electrodes, such region being 
formed by deposition of group III and group V 
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specie at a growth temperature below 450 °C, 
followed by heat treatment of the deposited 
specie in an ambient containing the more 
volatile of said specie to incorporate an excess 
5 of said more volatile specie in said III-V 

material. 

22. The method of Claim 21 wherein the gate electrode 
extends laterally over the insulative region. 

23. The method of Claim 21 wherein the group III-V 

10 material is formed by MBE of material from the group 

comprising GaAs, InGaAs, AlGaAs, GaP and InP. 
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